This note collects, classifies and evaluates common criticism against the de Broglie-Bohm theory, including Ockham's razor, asymmetry in the de Broglie-Bohm theory, the "surreal trajectory" problem and relativistic generalizations. This controversy highlights that even in science theories can not solely be evaluated based on their empirical confirmation.
Introduction
In a previous article [59] we have argued that the de Broglie-Bohm theory can play an important role in teaching quantum mechanics since it provides an alternative view-point and illustrates the peculiar features of quantum phenomena. Of course most adherents of the de Broglie-Bohm theory would assign a more ambitious meaning to the theory and do rather claim its superiority to the ordinary formulation (or interpretation) of quantum mechanics. In this note we will examine some common objections raised against the de Broglie-Bohm theory which lead many physicist to reject it. This controversy highlights that even in science theories can not solely be evaluated based on their empirical confirmation.
In what follows we will also explore these early objections 1 .
The reasons to reject the de Broglie-Bohm theory can roughly be divided into two classes 2 . The first applies meta-theoretical considerations i.e. invokes criteria like symmetry or simplicity to discard the de Broglie-Bohm theory. Section 3 is devoted to this arguments. The other class of criticism seeks for a more textual or theory-immanent debate, like challenging the consistency or the ability of the de Broglie-Bohm theory to be generalized. This debate will be reviewed in Section 4.
For completeness we will give a brief summary of the de Broglie-Bohm theory in Sec. 2. A thorough discussion of the de Broglie-Bohm theory can be found e.g. in [14, 23, 26, 49, 60] . wavefunction, which is derived from the ordinary Schrödinger equation, guides the particle motion via the so-called guidance equation:
Here m i denotes the mass of particle i, ∇ i is the nabla operator applied to its coordinates and S the phase of the wavefunction in the polar representation ψ = Re ī h S . Since the guidance condition 1 is a first-order equation, one initial condition fixes the motion uniquely. Given a ρ = |ψ| 2 distribution as initial positions Equ. 1 will reproduce all predictions of ordinary quantum mechanics in terms of position distributions. Since all measurements can be expressed in terms of position (e.g. pointer positions) this amounts to full accordance with all predictions of ordinary quantum mechanics. However, the de Broglie-Bohm theory assigns a distinguished role to position and "contextualizes" all other quantities like momentum, spin etc. 3 . By this is meant that the de Broglie-Bohm theory does not assign possessed-values to these "observables" and their measured values get established only in the context of a corresponding measurement-like experiment [28] .
As mentioned above the de Broglie-Bohm theory reproduces all predictions of ordinary quantum theory provided that the initial positions of particles described by the wavefunction ψ are |ψ| 2 distributed. The motivation of this so-called quantum equilibrium hypothesis has been explored for example in [32, 73] . Most important, the quantum mechanical continuity equation (Equ. 2) ensures that this condition is consistent i.e. any system will stay |ψ| 2 distributed if the quantum equilibrium hypothesis holds initially.
In any event the de Broglie-Bohm theory assumes that it is not possible to control the initial positions beyond the |ψ| 2 distribution. Hence the de Broglie-Bohm theory does not allow for an experimental violation of Heisenberg's uncertainty principle [73] . While ordinary quantum mechanics assumes that probability enters on a fundamental level, the de Broglie-Bohm theory is deterministic and probability enters only as an expression of ignorance. However, given the quantum equilibrium hypothesis this ignorance holds in principle. Thus the fundamental determinism is turned into predictive indeterminism. The important feature of Equ.1 is its non-locality. The guidance equation links the motion of every particle to the configuration of the whole system, no matter how distant its different parts are. Technically expressed this follows from the fact, that the wavefunction ψ (hence its phase S) is a function on the configuration space IR 3N . It is exactly this non-locality which allows the de Broglie-Bohm theory to violate the Bell inequalities [10] as demanded by experiment. However, this non-locality vanishes if the wavefunction factorizes in the contributions of the different particles.
The guidance condition 1 can be motivated in different ways and its precise status gives rise to different interpretations of the de Broglie-Bohm theory. The starting point of Bohm's original presentation of the theory 4 in 1952 [18] was the decomposition of the Schrödinger equation for the wavefunction ψ = Re ī h S into a set of two equations for the real functions R and S. The resulting equation for S has a structure similar to the classical Hamilton-Jacobi equation for the action S, which implies p = ∇S. The only difference is the appearance of an extra term which 3 In fact, whether properties other than position should be attributed to the particles or rather to the wavefunction is subject to a controversial debate within the interpretation of the de Broglie-Bohm theory [61] . 4 We refer to this theory as de Broglie-Bohm theory since Louis de Broglie presented similar ideas already in 1927 [15] . David Bohm's work in 1952 was done independently.
Bohm named "quantum potential":
Bohm (and later also e.g. Hiley [22] and Holland [49] ) regard the quantum potential as the key ingredient of the de Broglie-Bohm theory and derive all its novelty from it. The guidance equation 1 is only viewed as a "special assumption" [20] or a "consistent subsidiary condition" [19] . In contrast to this position an other school of the de Broglie-Bohm theory regards the guidance condition as the fundamental equation and avoids to emphasize the quantum potential. The main exponents of this school are Dürr et al. [14, 28, 32, 34] who have named their version of the de Broglie-Bohm theory "Bohmian mechanics". In fact the guidance equation can be motivated without appeal to the Hamilton-Jacobi equation from symmetry arguments alone [32] . According to this position the quantum potential deserves no special attention and is rather viewed as an artefact which enters the discussion when the classical limit of the theory is treated.
One should not mistake this discussion as only quibbling over a mathematical ambiguity in the formulation of the theory. In fact these different interpretations of Equ.1 are related to a substantial different view on e.g. the role of "observables" other than position or the meaning of the wavefunction. Our discussion of objections against the de Broglie-Bohm theory is in parts complicated by this debate on the interpretation. If some criticism applies stronger or solely to one specific interpretation of the de Broglie-Bohm theory, it does not undermine the concept as a whole. Likewise the different interpretations provide different replies to the objections. The different interpretation of the de Broglie-Bohm theory will be disentangled elsewhere [61] .
Since the rest of our note will be concerned with the objections against the de Broglie-Bohm theory we should balance the discussion by mentioning some of its merits. The supporters of the de Broglie-Bohm theory emphasize its "clear ontology" i.e. that the vague notion of "complementarity" and wave-particle duality gets dispensable. Most important it provides an elegant solution of the measurement problem. The superposition of the wavefunction at the end of a measurement makes no difficulty since the configuration singles out the branch of the wavefunction which corresponds to the actual outcome. In addition the de Broglie-Bohm theory provides means to deal non-ambiguously with the question of tunneling time or time-of-arrival [51, 52, 53] .
The meta-theoretical debate
All authors accept that the de Broglie-Bohm theory and ordinary non-relativistic quantum mechanics make identical predictions i.e. that no experiment can decide which one to prefer 5 . Even Wolfgang Pauli admitted in a letter to Bohm from December 1951: I do not see any longer the possibility of any logical contradiction as long as your results agree completely with those of the usual wave mechanics and as long as no means is given to measure the values of your hidden parameters (...). [63, letter 1313])
But this was only a minimal concession to Bohm. In the absence of any new prediction the de Broglie-Bohm theory was accused of being no physics but "metaphysics" [62] . Heisenberg questioned whether the de Broglie-Bohm theory should be regarded as a new theory at all: From the fundamentally positivistic (it would perhaps be better to say purely physical) standpoint, we are thus concerned not with counter-proposals to the Copenhagen interpretation, but with its exact repetition in a different language. (quoted after [58] )
The Heisenberg pupil von Weizsäcker reports on a course in the winter term 1953/54 in which they discussed also Bohm's work [75] :
UnsereÜberzeugung, daß alle diese Versuche falsch seien, wurde durch das Seminar bestärkt. Aber wir konnten uns nicht verhehlen, dass der tiefste Grund un-sererÜberzeugung ein quasiästhetischer war. Die Quantentheorieübertraf alle Konkurrenten in der für eine "abgeschlossene Theorie" kennzeichnenden einfachen Schönheit. 6 However, the above quoted passages alone do not constitute any reason to reject the de Broglie-Bohm theory. In the absence of any "logical contradiction" (Pauli) and while objecting the mere "repetition in a different language" (Heisenberg) one needs to specify why the ordinary quantum theory actually "surpasses all competitors" (v. Weizsäcker). Or to put it differently: additional criteria need to be formulated which help to distinguish these theories.
In what follows we collect and evaluate a number of these additional criteria which have been suggested by the above mentioned authors and others to underpin their rejection. We classify them as "meta-theoretical" since they are largely based on requirements which are supposed to apply to physics theories in general.
Ockham's razor
The obvious objection against the de Broglie-Bohm theory is that it does not make any new predictions while postulating the particle-position as a new entity. If two theories are equivalent the one should be preferred which needs less premises. Likewise additional premises which do not enrich the explanatory power should be removed by invoking "Ockham's razor". Given this widely accepted principle, it seems natural to discard the de Broglie-Bohm theory since the particle trajectories seem to be exactly such an extra premise. However, this conclusion can be challenged by the following consideration: the de Broglie-Bohm theory supplements ordinary quantum mechanics by an equation-of-motion for the quantum-particles, but supersedes the postulates which are related to the measurement process (not to mention how compelling these postulates are). Furthermore the de Broglie-Bohm theory provides a completely new interpretation of quantum phenomena in which e.g. probability plays no fundamental role. In other words: the descriptive content is identical but the meaning differs completely. In this sense the "explanatory power" gets enriched (or at least changed) and the principle of simplicity seems not enough to establish a clear choice between quantum mechanics and the de Broglie-Bohm theory.
Asymmetry in the de Broglie-Bohm theory
Pauli and Heisenberg based their rejection of the de Broglie-Bohm theory mainly on its asymmetry with respect to position and momentum [58] . In the absence of any new prediction they did not accept this sacrifice. Since symmetry arguments are at the heart of modern physics they should not be disregarded as merely aesthetical. But likewise symmetry is no end in itself and in the case of position and momentum one should keep in mind that the de Broglie-Bohm theory provides a complete reinterpretation of the observable concept. Here it is not justified to demand symmetry between e.g. momentum and position since the de Broglie-Bohm theory gives position a different ontological status than all other "observables" [28] . Furthermore it may be questioned whether the ordinary relation between position and momentum reflects a symmetry of the physical system or merely a symmetry of the phase space. In any event this symmetry is less relevant than e.g. Lorentz invariance which relates objects which are experimentally indistinguishable. One may compare the situation with the violation of parity within the weak interaction. Agreed, in view of the experimental confirmation of parity-violation this comparison seems to be misleading. But it illustrates that a symmetry which is regarded as self-evident in classical physics can be violated on the quantum level.
However, in reply to this criticism Hiley and Brown [24, 48] explore the possibility to formulate a Bohm-like theory in other than the position representation. Bohm himself took this objections very seriously and was lead to the following modest claim:
Heisenberg shows that he perhaps did not appreciate that the only purpose of this phase of the work was to show that an alternative to the Copenhagen interpretation is at least logically possible. (D. Bohm, quoted from [58] )
In fact the de Broglie-Bohm theory shows another asymmetry, namely with respect to the wavefunction. While the wavefunction acts on the particle position, the particles do not react on the ψ-field. It is determined independently by the Schrödinger equation. It is true that this constitutes a peculiar feature of the de Broglie-Bohm theory. In reply to this objection Dürr et al. [34] have suggested that the role of the wavefunction within the de Broglie-Bohm theory should be regarded as analogous to the role of the Hamiltonian in classical mechanics. They state [34] :
We propose that the reason, on the universal level, that there is no action of configurations upon wavefunctions, as there seems to be between all other elements of physical reality, is that the wavefunction of the universe is not an element of physical reality. We propose that the wave function belongs to an altogether different category of existence than that of substantive physical entities, and that its existence is nomological rather than material. We propose, in other words, that the wavefunction is a component of physical law rather than of the reality described by the law.
In [40] this idea is applied in the context of quantum gravity. However, prior to a final assessment, this speculation needs some further elaboration.
Return to classical physics?
A rather unspecific but never the less common objection against the de Broglie-Bohm theory is its supposed return to classical notions. For example Zeh states in [79] that the de Broglie-Bohm theory is "solely based on classical prejudice". This charge is in itself no strong argument against the de Broglie-Bohm theory. One needs to add (and explain) at least why this "return" is supposed to be artificial or needless. However, this argument remains to be weak and a closer look reveals that this claim is not founded at all. Actually the de Broglie-Bohm theory possesses so many unclassical traits (e.g. non-locality and contextuality) that it does a disservice to anyone seeking for a "return to classical physics". Agreed, the features of determinism and 'objectivity' 7 are 'classical', but in this respect the de Broglie-Bohm theory is as classical as the theory of relativity 8 .
Departure from established principles
While Section 3.3 mentioned the objection of "backwardness" the de Broglie-Bohm theory meets also with the contrary criticism. Here the bizarre features of the de Broglie-Bohm theory are subject of discomfort 9 .
According to the de Broglie-Bohm theory the wavefunction performs an actual physical effect on the particle motion instead of being a computational tool only. In this respect it may be compared to other physical fields like electro-magnetic or gravitational fields. This view was for example hold by Bell, who argued:
No one can understand this theory (i.e. quantum mechanics) until he is willing to think of ψ as a real objective field rather than just a 'probability amplitude'. Even though it propagates not in 3-space but in 3N-space. [12] [p.128].
This introduces peculiar notions into physics indeed. First of all the wavefunction is defined on the configuration space of the system. This is in sharp contrast to any other physical field. The non-locality of the de Broglie-Bohm theory is closely related to this feature and will be subject of Sec. 4.3. As mentioned above (see Sec. 3.2) Dürr et al. [34] have proposed that the role of the wavefunction within the de Broglie-Bohm theory should be rather compared to the role of the Hamiltonian in classical mechanics. The Hamiltonian is a function on the phase space, that is of greater dimension and even more abstract than configuration space. Following this suggestion certainly weakens this allegation. However, as mentioned above, this radical departure from any common view on the wavefunction needs some further elaboration.
Furthermore the trajectories pick the branch of the wavefunction which is assigned to the actual state. However, all other branches are considered as equally "real". Hence, according to the de Broglie-Bohm theory, the space is populated with myriad of "empty waves". Although one can argue that due to decoherence effects these empty branches do typically not affect the actual system any more 10 , this feature remains unaesthetic.
Another unclassical property of the wavefunction in the de Broglie-Bohm theory when viewed as an actual physical field follows from the fact, that its influence is independent of its amplitude. This can be seen most easily when the quantum-potential formulation is used. Since ψ appears in the numerator and the denominator of expression 3, ψ and c · ψ lead to the same effect. Bohm and Hiley have therefore compared the ψ-field to radio waves which guide an object like a ship on automatic pilot. Here too, the effect of the radio waves is independent of their intensity and depends on their form [22] only. Bohm and Hiley have coined the expression "active information" for this sort of influence and suggest that the quantum potential is a source of this kind of information. Whether this radio-wave analogy is just a metaphor or leads to any deeper insight remains to be seen.
Another intriguing property of Bohmian-trajectories gave rise to a specific objection from Einstein. Since he was one of the famous antagonists of the Copenhagen interpretation it is 7 In the sense of 'observer independence' 8 Since we have quoted Zeh in the beginning, we should do justice to his argument in [79] . This work was written in reply to Goldstein's paper "Quantum Theory without Observers" [38] . Zeh's main argument against the de Broglie-Bohm theory is his claim that decoherence can equally well account for the "emergence of apparent 'particles' and other quasi-classical (local) properties" [79] . However, see [1] for an insightful reply to the common claim that "decoherence" can solve the measurement problem. 9 Some of the objections which have been mentioned in Sec. 3.2 do fit into this category as well. 10 It seems to be possible to construct circumstances in which empty waves do have subtle effects [44, 72] . This discussion is closely related to the "surreal trajectory" debate and will be reviewed in Sec. 4.1.
interesting to note that he did not endorse the de Broglie-Bohm theory likewise. In a Festschrift in honor of Max Born in the year 1953, Einstein discussed a system for which the de Broglie-Bohm theory predicts a vanishing velocity. Einstein discussed a particle in a box as a specific example but the same behavior appears in any system which is described by a real wavefunction like e.g. a hydrogen electron in the ground-state or the energy eigenstates of the harmonic oscillator. According to Einstein the vanishing velocity "contradicts the well-founded requirement, that in case of a macrosystem the motion should agree approximately with the motion following from classical mechanics" [58] .
Technically, the explanation for this unintuitive feature of the de Broglie-Bohm theory lies in the fact that it "contextualizes" all properties but position (see our discussion in Sec. 2). Any measurement of the corresponding particle would need a change in the arrangement (e.g. one side of the box would have to be removed). The predicted outcome of any such measurement of e.g. the particle-momentum would be the same as in ordinary quantum mechanics. More generally, the Einstein-objection illustrates, that within the de Broglie-Bohm theory the representation of any system is provided by the pair of wavefunction and position, (ψ, Q i ). To focus on properties of one element only can be misleading 11 .
The status of the quantum equilibrium hypothesis
As mentioned in Sec. 2, the de Broglie-Bohm theory reproduces all predictions of ordinary quantum theory provided that the initial positions of particles described by the wavefunction ψ are |ψ| 2 distributed. In principle this assumption could be included in the very definition of the de Broglie-Bohm theory. Equation 2 ensures that this postulate is consistent i.e. any system will stay |ψ| 2 distributed when the quantum equilibrium hypothesis holds initially.
However, introducing the quantum equilibrium hypothesis as a postulate provokes the objection that thereby the wavefunction gets two distinct and logically independent meanings: (i) as the guiding field or the source of the quantum potential respectively and (ii) as a probability distribution for the particle position. This double role for the wavefunction looks suspicious and unaesthetic.
It was therefore among the early efforts of Bohm to clarify the status of the quantum equilibrium hypothesis and to possibly derive rather than postulate it. The paper [20] from 1953 was devoted to this question but could derive the quantum equilibrium hypothesis only for a limited class of systems [26, 74] . This problem gave rise to the development of a modified version of the theory in 1954 including the effect of a stochastic disturbance [21] .
A different approach was developed by Dürr et al. [32] . Their starting point is the claim that initially only the wavefunction of the universe, Ψ(q), is given since the notion of separated and interaction free subsystems gets complicated within the de Broglie-Bohm theory. Let q = (x, y) be a decomposition of the configuration space of the universe into the variable x of a subsystem and y for the rest. Dürr et al. define the effective wavefunction of the subsystem as part of the following decomposition:
The wavefunction ψ(x) represents the subsystem provided that the y-support of Φ(y) and Ψ ⊥ (x, y) is macroscopically distinct and that the actual value of y lies in the support of Φ(y). 11 Einstein's rejection of the de Broglie-Bohm theory is clearly not only related to the problem discussed above. By now famous is his remark in a letter to Born in 1952 about the de Broglie-Bohm theory being "too cheap" [36, letter from 12.5.1952 ]. Squires writes in the same context, that Einstein "was not interested in attempts to 'cure' the theory; rather he wanted to look elsewhere, to start again" [67] . Squires makes an other insightful remark about the de Broglie-Bohm theory and Einstein's probable reason to reject it: "And it is certainly true that we would not have discovered statistical mechanics by adding small corrections to thermodynamics, or by adding hidden variables that were in some way 'guided' by the free energy, or some other thermodynamic quantity" [67] .
A typical situation of this kind occurs during a measurement on the system described by x with a measuring device that has, at the end of the measurement, a definite value in the support of Φ(y). Furthermore Dürr et al. claim that |Ψ(q)| 2 provides the only natural measure over initial conditions of the universe since it is equivariant i.e. fulfills the continuity equation 2. This is related to their notion of "typicality":
The quantum equilibrium distribution provides us with a natural notion of typicality: statements valid for the overwhelming majority of configurations in the sense provided by the quantum equilibrium measure are true for a typical configuration.
Given this assumption for the wavefunction of the universe they can show, that the quantum equilibrium hypothesis follows for all subsystems which are described by ψ.
However, this justification of the quantum equilibrium hypothesis has been questioned e.g. by Dickson [31] . He notes that Dürr at al. have neither shown that |Ψ(q)| 2 provides the only equivariant measure nor why equivariance is a preferred property of measures over the initial distributions at all. He states [31] [p. 123]:
Equivariance is a dynamical property of a measure, whereas the question 'Which initial distribution is the correct one?' involves no dynamics, nor it is clear why dynamical properties of a measure are relevant.
This objection challenges the claim that the quantum equilibrium hypothesis can be derived rather than postulated 12 . Hence, the original criticism that the de Broglie-Bohm theory assigns two completely distinct functions to the wavefunction can be sustained.
The theory immanent debate
Until now we were mainly concerned with meta-theoretical objections which might be viewed as partially subjective. Consequently the above mentioned feature of the de Broglie-Bohm theory have been either used to reject this theory or to praise its radical novelty.
An other strategy to disclaim the de Broglie-Bohm theory has been to seek for a more textual debate, e.g. challenging its consistency or its ability to be generalized. One might say that these arguments try to refute the de Broglie-Bohm theory from "inside", hence we have classified them as "theory-immanent". Most important is the question whether a trajectory-interpretation is sustainable in the relativistic case.
A clear-cut disproof of the de Broglie-Bohm theory would be an experiment in which the predictions of the de Broglie-Bohm theory and ordinary quantum mechanics differ while the latter is confirmed. In fact every now and then such an experiment is proposed. The attempts to construct circumstances in which the predictions of the de Broglie-Bohm theory and quantum mechanics disagree are actually pointless since the de Broglie-Bohm theory is constructed in order to reproduce all predictions of ordinary quantum mechanics. Above all, the Schrödinger-equation is part of the de Broglie-Bohm theory and the individual trajectories can not be controlled beyond the quantum equilibrium. This attempts will not be considered further and the interested reader may consult [41, 42, 70 ].
The "surreal trajectory" objection
In 1992 Englert, Scully, Süssmann and Walther (ESSW) challenged the consistency of the de Broglie-Bohm theory. They claimed that Bohm trajectories are not realistic, but "surrealistic". The corresponding authors analyze the famous delayed-choice double-slit experiment invented by Wheeler [76] and discussed in the context of the de Broglie-Bohm theory by Bell [12] . Before we turn to the actual ESSW argument we will first discuss the general set-up.
The delayed-choice double-slit experiment (see Fig. 1 ) consists of a double slit arrangement in which one can freely choose to detect either interference patterns in the region I or particles in the detectors C 1 or C 2 13 . The whole arrangement can be set up in such a way that the trajectories of the de Broglie-Bohm theory are not allowed to cross a corresponding symmetryplane behind the two-slit screen. This allows the conclusion, that the Bohm-trajectories of the particles hitting the upper part behind the screen have traversed the upper slit and vice versa.
One may modify the arrangement by supplying it with additional detectors directly behind the two-slit screen in order to investigate which slit has been traversed. In such a modified version the interference pattern would not occur. Additionally the de Broglie-Bohm trajectories would be allowed to cross the former symmetry plane since the states of the extra detectors differ macroscopically and thus violate the former symmetry (see [12] [p.111] for the details of this argument.).
The above mentioned extra-detectors directly behind the screen were assumed to be "ordinary detectors", i.e. devices which show a macroscopic change of state (e.g. pointer positions). We now turn to the actual ESSW argument. According to these authors a problem for the de Broglie-Bohm theory emerges when these extra detectors are chosen to be advanced quantum optical devices, so-called which-way detectors. These respond on the transition of single particles without affecting the translatoric part of the wavefunction 14 . Again, in the presence of these detectors, we expect the interference pattern to be destroyed. The special feature of these detectors is that they do not alter the symmetry of the set-up. Hence the de Broglie-Bohm trajectories would still be forced to "bounce off" the symmetry plane. According to ESSW one arrives at the paradoxical situation that the upper which-way detector fires while the screen is hit below the symmetry plane. ESSW conclude:
The Bohm trajectory is here macroscopically at variance with the actual, that is: observed track. Tersely: Bohm trajectories are not realistic, they are surrealistic. This paper has created a lively debate on the "surreal trajectory problem" [8, 29, 33, 47, 71] and we do not aim at a complete revision. One objection against the conclusion of ESSW has been their use of the term "actual track" in connection with quantum mechanics. ESSW try to defend the orthodox interpretation -but the notion of a "particle path" is denied within this interpretation. What is meant by "actual track" it not obvious here. However, ESSW claim that even the observed tracks in a bubble-chamber are at variance with the Bohm-trajectories. This would be a serious objection against the de Broglie-Bohm theory indeed.
The essential flaw in the reasoning of ESSW is that they consider detectors which are not linked to any macroscopic change of state. This feature is crucial because it ensures that their symmetry argument applies. But given that within the de Broglie-Bohm theory only a change in position constitutes a physical fact, such a which-way detector is not regarded as a reliable detector for the actual position of the particle on its Bohmian path. Above all: given the assumption of ESSW that the center-of-mass motion is not changed, the state remains in a superposition and is not left in a position-eigenstate after leaving the which-way detector. Even within the conventional quantum mechanics we would not be allowed to infer on anything passing through the detector. The additional claim of ESSW, that even the tracks in a bubble-chamber differ from the predicted Bohm-trajectories, is therefore unfounded, since a bubble-chamber does convert the excitation into a macroscopic displacement.
But the situation which has been considered by ESSW is a bit more subtle: The authors assume that a macroscopic read-out could be connected after the particle has been detected. However, it remains true that within the de Broglie-Bohm theory the which-way detector does not constitute a physical fact. A delayed read-out can not turn this detector into a more trustworthy device. The arrangement which has been considered by Englert et al. can be viewed as a special case in which "empty waves" [44] show an effect if they are still coherent. In fact, the non-locality of the de Broglie-Bohm theory makes it possible to explain how the whichway detector can be excited even without any trajectory passing through it [29, 47] . A detailed discussion of how to resolve the "surreal trajectory problem" within the de Broglie-Bohm theory can also be found in [8] .
Along similar lines also other arguments have been advanced in order to show that "the Bohmian position does not help to understand the result of a measurement" [3] . Especially Aharonov et al. [3, 4, 5, 68] have explored Bohm trajectories in the case of "weak" and "protective" measurements 15 in order to challenge any "realistic interpretations of Bohm trajectories" [4] . Similar to the original ESSW argument these authors construct circumstances in which nonlocal effects are exerted i.e. alleged measuring devises are triggered while the Bohm trajectories do not pass through them. They conclude that their analysis (...) implies that the Bohm trajectories are forever hidden. If you cannot rely on local interactions to determine the 'actual position' of the particle, then you cannot determine it at all. The concept of position itself becomes shaky. [4] However, Aharonov et al. do not claim the inconsistency of the de Broglie-Bohm theory:
The examples considered in this work do not show that the Bohm's causal interpretation is inconsistent. It shows that Bohmian trajectories behave not as we would expect from a classical type model. [3] Furthermore Aharonov and Vaidman admit, that "these difficulties follow from our particular approach to the Bohm theory in which the wave is not considered to be a 'reality'."
Recapitulating, we note that these investigations have given fascinating inside into detailed aspects of quantum mechanics in general and the de Broglie-Bohm theory in particular 16 . They clearly demonstrate that (especially given the exotic measuring devices considered above) the Bohm trajectories are neither classical nor intuitive. However, most adherents of the de Broglie-Bohm theory never argued that point.
Fractal wavefunctions
A recent argument against trajectory-based interpretations of quantum mechanics in general and the de Broglie-Bohm theory in particular was advanced by Hall [43] . He considers socalled fractal wavefunctions for which the expression Hψ is divergent 17 . However, the equation [H − ih∂ t ]ψ = 0 holds, since the divergent parts cancel 18 . Given that the usual Schrödinger equation does not hold for these states, Hall argues that the modified Hamilton-Jacobi equation can not be derived. Further more, due to the fractal structure, ∇ψ is not defined and the guidance equation of the de Broglie-Bohm theory fails to provide a trajectory for these states. Given that the corresponding states and their unitary evolution are well defined Hall claims that trajectory-based interpretations are at least formally incomplete. Provided that these states could be actually prepared they may even demonstrate the physical incompleteness.
In reply to this criticism Sanz [65] has shown how to assign trajectories to fractal wavefunctions by means of a limiting process that involves the expansion of the wavefunction in a series of eigenvectors of the Hamiltonian.
Non-locality and relativistic generalization
The by far most common objection against the de Broglie-Bohm theory is based on its nonlocality and its apparent conflict with relativity. We will try to disentangle these questions in turn.
The de Broglie-Bohm theory is explicitly non-local i.e. the motion of each particle is in general a function of the coordinates of of the whole system, even when these different parts are space-like separated. This non-locality vanishes only if the wavefunction factorizes in the contributions of the different quantum objects. Whether this is viewed as an unacceptable feature depends on the attitude towards the problem of non-locality in quantum mechanics in general. In ordinary quantum mechanics the problem of non-locality appears in at least two places: (i) violation of Bell-inequalities and (ii) reduction of the wavefunction.
Following the work of Bell [10] and the experimental confirmation of quantum mechanics in EPR-Bell experiments [6] it became widely (but not universally [55, 57] ) accepted that quantum mechanics itself is "non-local". Following this opinion the non-locality allegation against the de Broglie-Bohm theory seems to be even completely groundless. However, the precise meaning of the term "non-local" is far from being unique and their exists a vast literature on that topic (see e.g. [25] ). A thorough discussion of that issue is far beyond the scope of the present paper. However, one can reasonably state, that the "non-locality" of the de Broglie-Bohm theory is more explicit (i.e. dynamical) than the "non-separability" of ordinary quantum mechanics 19 . Anyhow, for both, ordinary quantum mechanics and the de Broglie-Bohm theory, it is ensured that the "non-locality" or "non-separability" can not be used for superluminal signalling. But whether this is enough for full compatibility between quantum mechanics and special relativity has been challenged e.g. by Ballentine [7] :
However it is not clear that the requirements of special relativity are exhausted by excluding superluminal signals. Nor is it clear how one can have superluminal influences (so as to violate Bell's inequality and satisfy quantum mechanics) that in principle can not be used as signals. (· · ·) Whether or not there is a deeper incompatibility between quantum mechanics and relativity is not certain.
Another indication for "non-locality" in quantum mechanics is given if one adopts the collapse of the wavefunction to be a real physical process 20 . After all the collapse is supposed to reduce the wavefunction instantaneously and introduces thereby a preferred frame-of-reference 21 [26, 54] . Maudlin argues that the collapse postulate in combination with entangled states leads necessarily to a preferred foliation of space-time [54, p.297 ]. While the Dirac equation provides a Lorentz covariant generalization of the Schrödinger equation the satisfactory generalization of the measurement theory into the relativistic domain is still wanting. Ironically this problem of nonlocality does not arise in the de Broglie-Bohm theory since here the collapse of the wavefunction gets dispensable. However, we will see in see next paragraph that for a different reason a preferred foliation of space-time becomes necessary also for the de Broglie-Bohm theory.
Non-locality clearly provides a challenge for a satisfactory relativistic generalization of quantum mechanics or the de Broglie-Bohm theory. However, relativistic generalizations of the de Broglie-Bohm theory do exist. E.g. for a Dirac particles Bohm [23] has proposed the following guiding equation:
Here ψ is a solution of the Dirac equation, ψ † its conjugate and α a 3-vector with components that are build from the Pauli matrices:
The generalization to the many-particle case is straightforward [23] [p.274]. Thus, the generalization itself is not problematic. However, it is an essential property of this generalization that it has a preferred reference-frame i.e. the many-particle analogue of Equ. 5 considers all particles at the same time. The predictions do nonetheless agree with the standard theory and most important the preferred reference-frame can be made unobservable. In [16, 35] it was shown that it is in general impossible for a trajectory-interpretation to satisfy the quantum equilibrium hypothesis in all Lorentz frames. The relativistic generalization of the de Broglie-Bohm theory is also addressed in [30, 39, 66] . The above problems to reconcile relativity and quantum phenomena have been used to reconsider the requirements of relativity. Dickson writes in the same context [31] [p.163]:
Minimally, relativity seems to require that there be no way to distinguish one reference frame from another (...) This condition is fulfilled by the generalizations of the de Broglie-Bohm theory. However, as Dickson continues, most authors claim a stronger requirement, namely Lorentz-invariance. But this principle was motivated by Einstein on epistemic bases i.e. by considering the types of possible experiments. This epistemic argument, as Dickson concludes, might be taken to support only the minimal requirement given above, rather than the stronger requirement [31] [p.164].
Summing up, we have seen that non-locality and the relativistic generalization posses a challenge not only for the de Broglie-Bohm theory but also for ordinary quantum mechanics 22 . The violation of the Bell-inequality implies that the relation between quantum mechanics and special relativity is more subtle than customary assumed. The concept of wavefunction collapse points at similar problems. The de Broglie-Bohm theory does allow for a relativistic generalization when the requirement of Lorentz invariance is relaxed to apply only to the observations and not to the fundamental equations. These problems give reason to reconsider the requirement of relativity and a rejection of the de Broglie-Bohm theory based on its non-locality seems to be premature.
Summary
We have collected common criticism again the de Broglie-Bohm theory. Most of them have the merit to illustrate the peculiar features of this theory but do not provide a rigorous disproof.
One strategy has been to formulate additional requirements 23 which are not met by the de Broglie-Bohm theory. It remains subjective whether this is viewed as a profound shortcoming or the radical novelty of this theory. After all, quantum mechanics has likewise introduced many bizarre notions into physics. However, while it is subjective how desirable these additional requirements are, they are clearly not irrational.
A different strategy is to address the consistency of the de Broglie-Bohm theory and its ability to be generalized. The most substantial concern is the question of its relativistic generalization. The first steps into this direction have shown that full Lorentz-invariance can not be sustained. However, the preferred foliation can be made unobservable. In addition the relation between relativity and quantum mechanics is subtle also for the standard interpretation. A rejection of the de Broglie-Bohm theory based on its non-locality and the resulting challenge it poses for a relativistic generalization is therefore not stringent.
The merit of this discussion is to reveal that even in science a theory can not only be judged by its empirical confirmation 24 . In the absence of any experimental test who can distinguish between standard quantum mechanics and the de Broglie-Bohm theory one may either leave this question undecidable or has to invoke e.g. "meta-theoretical" criteria like the one presented in Sec. 3. This is completely sound but should be stated explicitly. We fully agree with Hiley who states:
Unfortunately there is a great deal of unnecessary emotion generated when "alternative interpretations" to quantum mechanics are discussed. By now we have so many interpretations, that it must be clear to all that there is some basic ambiguity as to what the formalism is telling us about the nature of quantum processes and their detailed relation to those occurring in the classical domain. [46] This "unnecessary emotions" complicate a sober discussion. But, as Hiley has stated elsewhere about supporters of the de Broglie-Bohm theory:
Equally some supporters of the approach, no doubt in reaction, tend to over exaggerate its claims. Somehow the middle way (...) seems to have been missed. [48] It proves unfortunate that the discussion about the de Broglie-Bohm theory is inextricable entangled with the controversial debate about the interpretation of quantum mechanics in general. In this discussion a confusing mixture of personal convictions and proven facts can be found. After all, the de Broglie-Bohm theory would have significance also as one out of several consistent interpretations of quantum mechanics. Therefore a discussion of the de Broglie-Bohm theory could be detached (at least in a first step) from the attitude towards the foundation of quantum mechanics in general. In contrast, some supporters of the de Broglie-Bohm theory motivate this theory as "the most naively obvious embedding imaginable of Schrödingers's equation into a completely coherent physical theory" [14] . Agreed, the guidance equation follows naturally from the quantum formalism. However, whether it is "most naively obvious" can be barely proven. The additional implicit claim that ordinary quantum mechanics provides no "coherent" theory is both, strong and superfluous when discussing the de Broglie-Bohm theory.
It would be highly desirable to have a discussion in which neither the objectors of the de Broglie-Bohm theory take refuge to polemic arguments nor the supporters of this theory claim its undoubted superiority.
